However, their effect on seizure frequency and severity in TSC remain under investigation (5, 6) .
Polyhydramnios, Megalencephaly, and Symptomatic Epilepsy (PMSE, also called Pretzel Syndrome, OMIM 611087) is an autosomal recessive disease that occurs in the Old Order Mennonite community. It is caused by homozygous deletion of the gene STRADA, which encodes for the protein STRAD α. The latter is a pseudokinase that contributes to downstream activation of TSC2 and inhibition of mTORC1. PMSE patients present with polyhydramnios, preterm labor, distinctive craniofacial features, megalencephaly, hypotonia, treatmentresistant multifocal seizures, severe intellectual disability, atrial septal defects, and diabetes insipidus. Children with PMSE also have an increased risk of death secondary to epileptic, cardiac, or metabolic complications, with 38 percent of patients dying by the age of 6 years (7).
Previous work by the authors using human brain samples obtained at autopsy demonstrated that STRAD α is widely expressed in neurons and astrocytes of all cortical layers. PMSE samples showed an absence of this protein and the presence of cytomegalic and heterotopic neurons positive for markers of mTORC1 hyperactivation in the cortex and subcortical white matter (7, 8) . The authors documented the presence of the protein in mouse neural progenitor cells (mNPCs) at the ventricular and subventricular zones beginning by at least E17. Using Strad α depletion with Strada shRNA in an immortalized line of mNPCs, they were able to induce mTORC1 activation resulting in cell cytomegaly. To study the role of A rare neurodevelopmental disorder in the Old Order Mennonite population called PMSE (polyhydramnios, megalencephaly, and symptomatic epilepsy syndrome; also called Pretzel syndrome) is characterized by infantile-onset epilepsy, neurocognitive delay, craniofacial dysmorphism, and histopathological evidence of heterotopic neurons in subcortical white matter and subependymal regions. PMSE is caused by a homozygous deletion of exons 9 to 13 of the LYK5/ STRADA gene, which encodes the pseudokinase STRADA, an upstream inhibitor of mammalian target of rapamycin complex 1 (mTORC1). We show that disrupted pathfinding in migrating mouse neural progenitor cells in vitro caused by STRADA depletion is prevented by mTORC1 inhibition with rapamycin or inhibition of its downstream effector p70 S6 kinase (p70S6K) with the drug PF-4708671 (p70S6Ki). We demonstrate that rapamycin can rescue aberrant cortical lamination and heterotopia associated with STRADA depletion in the mouse cerebral cortex. Constitutive mTORC1 signaling and a migration defect observed in fibroblasts from patients with PMSE were also prevented by mTORC1 inhibition. On the basis of these preclinical findings, we treated five PMSE patients with sirolimus (rapamycin) without complication and observed a reduction in seizure frequency and an improvement in receptive language. Our findings demonstrate a mechanistic link between STRADA loss and mTORC1 hyperactivity in PMSE, and suggest that mTORC1 inhibition may be a potential treatment for PMSE as well as other mTOR-associated neurodevelopmental disorders.
Rational Therapy From Bench to Bedside for a Rare Epilepsy
Strad α during radial cortical migration in the developing brain, they electroporated the Strada shRNA in utero at E14. Cells with Strad α depletion accumulated at the ventricular and subventricular zones 5 days later, unable to migrate into the cortical plate (8) .
In the present study, the authors sought to test whether histological abnormalities seen in the Strad α-depleted animals and patient fibroblasts are rescued with mTORC1 pathway inhibitors, and the effects of rapamycin on seizures and cognitive function in PMSE patients.
The authors first explored the abnormal migration of mNPCs caused by the loss of Strad α. They established stably transfected mNPC lines that expressed Strada or scrambled control shRNA. As expected, cells expressing Strada shRNA displayed markers of increased mTORC1 activation, which were normalized with the use of rapamycin (reported previously) or the p70S6 kinase inhibitor PF-4708671, a blocker of the downstream target of mTORC1 p70S6K. Using a woundhealing assay, they found that Strad α-depleted mNPCs have reduced migration in vitro compared with cells expressing the scrambled shRNA. This defect was due to an erratic migration of the Strad α-depleted cells and was also associated with abnormal cell polarization, measured by Golgi apparatus compaction around the nucleus. The migratory parameters and Golgi compaction were normalized with the use of mTORC1 pathway inhibitors.
To explore if rapamycin could correct the migration abnormalities seen in vivo, the authors repeated their experiments electroporating Strada shRNA in utero to induce loss of function (8) . The dams in the treatment group then received intraperitoneal rapamycin for the next four days, while the control group received intraperitoneal vehicle injections. The controls again demonstrated an inability of Strad α-depleted cells to migrate into the cortical plate, while animals from rapamycin-treated dams showed rescue of the migration deficit in electroporated cells. The data are very interesting and informative, although there are some limitations: First, the authors did not test for potential phenotypes of the mice that develop in the setting of mosaic Strada depletion. Second, it remains uncertain how the abnormalities seen in cells with hyperactivation of mTORC1 contribute to the development of epilepsy. Future studies will need to focus in these questions to allow for a better understanding of disease pathogenesis.
The authors then focused on the ability of rapamycin to rescue abnormalities in cells from PMSE patients. Fibroblasts were extracted from skin punch biopsies of PMSE subjects, heterozygous parents, and controls. Not surprisingly, the fibroblasts from PMSE patients show increased mTORC1 activity compared to controls and the asymptomatic heterozygous parents. Wound-healing assays on fibroblast monolayers showed less migration of PMSE fibroblasts. Treatment with both rapamycin and PF-4768071 normalized the levels of mTORC1 activity and the migration defect. However, potential effects of the compounds on the heterozygous parent or control fibroblasts were not reported.
In the most significant portion of the paper, the authors reported their experience treating PMSE patients with Sirolimus, the commercial preparation of rapamycin. Five PMSE patients (ranging in age from 3-8 months) received Sirolimus once daily, with the dose adjusted to achieve a blood concentration between 5 and 15 ng/ml. Treatment was stopped temporarily during mild infectious illnesses (common in children) to avoid its immunosupressive effects and was restarted upon recovery. Subjects were followed for 5 to 52 months. No deaths occurred, and the drug was well tolerated. Four of the treated patients had seizure-free periods of at least 12 months, including one that had experienced multiple episodes of status epilepticus prior to Sirolimus treatment. All five required fewer antiepileptic drugs when compared with a historical cohort. The treated group was also evaluated for psychomotor development. Compared to the historical cohort, treated patients showed better receptive language and social domain skills. This assessment was confirmed by the parents, who also reported them to be more attached emotionally. No effect of Sirolimus was demonstrated on expressive language, gross motor function, or adaptive learning. One caveat is that the treated cohort was younger than the historic one, making comparisons of cognitive development difficult. Subsequent reporting of longer follow-up will help to provide a clearer picture of the medication effect on psychomotor development of the patients. Another caveat of the study is the use of a historical cohort, as opposed to a placebo group, which limits the generalizability of the findings. Nonetheless, this approach was an important first step that should be followed by subsequent trials with appropriate controls to provide clinicians with the highest level of evidence.
This report is a great example of translational research, building on the description of the cellular abnormalities secondary to mTORC1 hyperactivity seen in PMSE, and their rescue with rapamycin in human samples and murine cells both in vivo and in vitro. It is also an important contribution to understanding potentially effective therapy for this very severe and treatment-resistant epilepsy, including the possibility of Sirolimus preventing disease progression as well as acting as an anti-seizure agent. Along with the ongoing reports on the use of Sirolimus in TSC, the present work helps to better define the role of mTORC1 inhibition in epilepsy treatment both for mTORopathies and for epilepsy syndromes in general.
by Gustavo A. Patino, MD PhD, Jack Parent, MD
